Efficient, color-stable fluorescent white organic light-emitting diodes ͑OLEDs͒ with single emission layer were fabricated by vapor deposition from solvent premixed mixtures of 1,4-bis͑2,2-diphenylvinyl͒biphenyl doped with 4-͑dicyanomethylene͒-2-methyl-6-͑julolidin-4-ylvinyl͒-4H-pyran and/or 10-͑2-benzothiazolyl͒-2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H ,5H , 11H-͑1͒benzopy-rano͑6,7,8-l, j͒quinolizine-11-one. The power efficiencies at 100 cd/m 2 were 4.6 lm/W for the two-spectrum pure white OLEDs and 7.2 lm/W m 2 for the three-spectrum ones with white emission. By using a different host of 10, 10Ј-bis͑biphenyl-4-yl͒-9,9Ј-bianthryl and a greenish-blue dye of di͑triphenylamine͒-1,4-divinylnaphthalene, the three-spectrum OLEDs with a power efficiency of 6.8 lm/W at 100 cd/m 2 were obtained. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2200007͔
The best reported power efficiency of phosphorescent white OLEDs is 57 lm/ W. 6 The best reported power efficiency, however, is 5.0 lm/ W for three-spectrum fluorescent white OLEDs with pure white emission. 7 The efficiency is 5.35 lm/ W with pure white emission, 8 while 6.0 lm/ W with a near pure white emission 9 for two-spectrum fluorescent white OLEDs. The power efficiency of fluorescent white OLEDs is low. Fluorescent white OLEDs with a muchimproved efficiency are thus being pursued.
This goal becomes more difficult to reach when a pure white emission with a broad spectrum is required, especially for full-color displays. 4, 12 One or a few more electroluminescent dyes must therefore be incorporated into the emission layer͑s͒, increasing the difficulty of controlling doping concentration over the numerous dyes. Undesired chromaticity and poor batch-to-batch reproducibility are also commonly encountered. Furthermore, high-quality displays depend on good chromatic stability over a relatively wide range of luminance. Limited improvement can be made if white emission results from mixing of the different lights from different emission layers, due to the easy zone shift of hole-electron recombination at varying electric fields. 9, 13 This work reports the fabrication of fluorescent white OLEDs with a single emission layer via vapor deposition of solvent premixed mixtures of 1,4-bis͑2,2-diphenylvinyl͒-biphenyl ͑DPVBi͒ with 4-͑dicyano-methylene͒-2-methyl-6-͑julolidin-4-yl-vinyl͒-4H-pyran ͑DCM2͒ that yields a 4.6 lm/ W power efficiency at 100 cd/ m 2 of pure white emission with a best reported chromatic stability. The power efficiency is 7.2 lm/ W at 100 cd/ m 2 with the addition of 10-͑2-benzothiazolyl͒-2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H ,5H ,11H-͑1͒benzopyrano͑6,7, 8-l, j͒quinolizine-11-one ͑C545T͒. A power efficiency of 6.8 lm/ W at 100 cd/ m 2 is obtained using more efficient dye/host molecules, which are di͑triphenylamine͒-1,4-divinylnaphthalene ͑DPVP͒ and 10, 10Ј-bis͑biphenyl-4-yl͒-9,9Ј-bianthryl ͑BANE͒.
The white OLED devices comprise 1250 Å indium tin oxide, 450 Å N , NЈ-bis-͑1-naphthy͒-N , NЈ biphenyl-1,1Ј;-biphenyl-4-4Ј-diamine ͑NPB͒, 300 Å white emission layer, 400 Å 1,3,5-tris͑N-phenylbenzimidazol-2-yl͒benzene ͑TPBi͒, 5 Å lithium fluoride, and 1500 Å aluminum cathode.
The deposition sources were prepared via solution mixing as follows. The composing dye͑s͒ and host were first separately dissolved in tetrahydrofuran. After complete dissolution, the resultant solutions were then mixed to form a host solution uniformly dispersed with the desired doping dye͑s͒, and then vacuum dried prior to vapor deposition.
To ensure high color reproducibility, all the resulted white OLEDs were prepared by using the same weight amount of the solvent premixed deposition sources in the deposition of the emission layers. The resultant batch-tobatch color variation, as the luminance increased from 100 to 10 000 cd/ m 2 , for example, was ͑0.003, 0.003͒ in terms of chromaticity coordinate difference for the various DCM2 doped white OLEDs with the same doping concentrations. The color variation was ͑0.008, 0.008͒ between two continuous sets of white OLEDs prepared by using the same deposition source without reloading but with a double weight amount. The variation became as large as ͑0.015, 0.015͒ between the first and last sets of the white OLEDs obtained in four continuous runs by using a quadruple weight amount. These white OLEDs showed deposition-sequence dependent chromaticity. This may be attributed to the very different melting points between the guest and host molecules, which resulted in two very different sublimation temperatures. To minimize the effect of deposition sequence caused color variation, all the deposition sources were loaded in the same boats every time with the same weight amount.
a͒ Author to whom correspondence should be addressed; electronic mail: jjou@mx.nthu.edu.tw Figure 1 shows the effect of the DCM2 concentration on the resultant electroluminescent ͑EL͒ spectra. The emission of pure DCM2 peaked at 630 nm and was strongly blueshifted as the doping concentration decreased due to a strong solid state solvation effect. 14 The marked blueshift turned the DCM2, itself, from a so-called red dye to an orange one in these doping ranges. White emission was resulted from the mixing of the orange emission from the red-dopant DCM2 and the blue emission from the DPVBi host.
The resulting CIE coordinate changed from blue emission of ͑0.171, 0.170͒ to orange ͑0.481, 0.474͒ as the DCM2 concentration increased from 0% to 0.5%, passing through the pure white emission region ͑0.33± 0.03, 0.33± 0.03͒ ͑Fig. 2-inset͒. Only a trace amount of DCM2 was permitted in the blue host to emit pure white light. The doping would have required, if by using the conventional codeposition process, an extremely low deposition rate and a very precise deposition-time control, which is impractical sometimes even impossible. Insufficient doping or overdoping of one or more of the dyes like red or green dyes would frequently occur, explaining why many previously reported white OLEDs failed to yield pure white emission. Macroscopically, adding more than 0.15% DCM2 significantly reduced the power efficiency ͑Fig. 1-inset͒, which was typically known as concentration quenching. 15 Carrier trapping mechanism would also be more likely to occur when the doping concentration was higher. 12, 16 Both would hence reduce the total efficiency at the high doping concentrations.
For all two-wavelength white OLEDs, the largest chromaticity variation was ͑0.016, 0.020͒ and the least was ͑0.002, 0.005͒ between 100 to 1000 cd/ m 2 . Device ͑D͒ exhibited the highest power efficiency of 5.5 lm/ W of all reported pure white fluorescent OLEDs, with a chromaticity variation of ͑0.016, 0.020͒, which is the lowest ever reported.
Three reasons may explain the relatively high chromatic stability. Importantly, the devices simply compose one emission layer. 8, 10, 11 The entering electrons/holes can be effectively confined and so recombine within the desired emission layer, owing to the presence of the neighboring electronblocking-function possessed NPB layer and hole-blocking-FIG. 1. Doping concentration effect of the "red" dye DCM2 on the electroluminescent spectra, power efficiency, and chromaticity coordinates ͑in-set͒ of the two-wavelength fluorescent OLEDs with emission changing from blue to orange with DCM2 concentration changing from 0% to 0.5%. Pure white emission was obtained as DCM2 was added within the range from 0.04% to 0.05% .   FIG. 2 . Doping concentration effect of the green dye C545T on the electroluminescent spectra and chromaticity coordinates ͑inset͒ of the threewavelength fluorescent OLEDs with emission changing from white to greenish white with C545T concentration changing from 0% to 0.05%. function possessed TPBi layer. The recombination zone will hence barely shift as the applied voltage increases. Second, the guest molecules were uniformly dispersed throughout the entire emission layer by employing the solvent premixed method. Any zone shift caused by applied voltage variation would occur mostly within the confined emission layer. Third, all the OLEDs employed comparatively low doping concentrations. Less exciton quenching would have occurred and much less color variation was then observed as the current density increased.
12,17
The introduction of C545T into the aforementioned emission layer effectively enhanced the power efficiency but caused the emission to deviate slightly from the pure white, as shown in Fig. 2 . When 0.02% C545T was added, the intensity of the green emission already exceeded that of the "red" emission, revealing that C545T was a relatively efficient dopant. A power efficiency as high as 8.1 lm/ W at 0.1 mA/ cm 2 at 13.2 cd/ m 2 on 4.5 V with white emission was obtained by adding 0.05% dopant. Figure 3 shows the PL spectra of the host molecule of DPVBi and the UV-vis absorption spectra of the guest molecules of DCM2 and C545T. The PL spectra of DPVBi overlapped greatly with the UV-vis absorption spectra of the two guest molecules, revealing the likeliness of high-efficiency Förster energy transfer. 18, 19 In addition, different three-wavelength white OLEDs were fabricated by using the same method but using BANE, codoped by 0.1% DCM2 and 3% of DPVP. The resultant EL spectra varied slightly for luminance varying from 100 to 10 000 cd/ m 2 ͑Fig. 4͒. The emission was white but not pure white; its chromatic coordinate was ͑0.366, 0.425͒ at 100 cd/ m 2 and ͑0.350, 0.415͒ at 10 000 cd/ cm 2 . The resulting maximum power efficiency was 11.2 lm/ W at 21 cd/ m 2 with 0.15 mA/ cm 2 on 4 V ͑Fig. 4-inset͒, or 6.8 lm/ W at 100 cd/ m 2 . Its maximum current efficiency was 9.5 cd/ A at 100 cd/ m 2 . To conclude, we present herein a new fabrication approach via vapor deposition of solvent premixed deposition sources to form a highly chromaticity-stable single white emission layer for the two-and three-wavelength fluorescent white OLEDs with the best reported power efficiencies. The power efficiencies at 100 cd/ m 2 are 4.6 lm/ W for the resultant two-spectrum pure white OLEDs and 7.2 lm/ W for the three-spectrum ones with white emission. By the use of the different blue host and greenish blue dye with the same red dye, three-spectrum white OLEDs with a power efficiency of 6.8 lm/ W at 100 cd/ m 2 are obtained. 
